ABSTRACT Chronic obstructive pulmonary disease (COPD) is characterised by pulmonary and systemic inflammation that bursts during exacerbations of the disease (ECOPD). The NLRP3 inflammasome is a key regulatory molecule of the inflammatory response. Its role in COPD is unclear.
Introduction
Chronic obstructive pulmonary disease (COPD) is associated with an enhanced pulmonary and systemic inflammatory response [1, 2] that bursts during exacerbations of the disease (ECOPD) [3] . The molecular mechanisms regulating this response, however, have not been fully elucidated [1, 2] .
The regulation of the inflammatory response is highly complex. The Nod-like receptor (NLR) family plays a pivotal role [4] [5] [6] [7] and one of its members, the so-called NLRP3 (NLR containing a Pyrin domain 3) inflammasome, has been implicated in different animal models of lung inflammation [4, 5, [8] [9] [10] . In patients with COPD, the evidence for NLRP3 inflammasome activation is scarce and contradictory [11] [12] [13] , and has never been investigated before during ECOPD. Accordingly, in this study we investigated the role of the NLRP3 inflammasome in COPD patients, both when clinically stable and during ECOPD, smokers with normal spirometry and healthy controls.
Methods

Study design and ethics
This is an observational, prospective and controlled study in human samples. The ethics committees of participating institutions approved the study and all participants signed their informed consent.
Participants
We studied lung tissue specimens (n=68) provided by the Pulmonary Biobank of CIBERES [14] , which were obtained from patients undergoing lung resectional surgery because of localised lung cancer (n=54) or bilateral lung transplantation (n=14). 38 of them had COPD [2] (n=26, 71% on inhaled long-acting bronchodilators and corticosteroids), 15 were smokers (>10 pack-years) with normal spirometry and 15 were never-smokers (table 1) . We also obtained plasma and spontaneous sputum samples in another 56 patients hospitalised because of ECOPD (V1, during the first 72 h of hospitalisation) and when clinically stable (n=41), 2 months after discharge (V2) (table 1), n=15 patients were lost for the follow-up or not able to produce sputum at V2. Six individuals (10%) of the ECOPD subset received antibiotics prior to hospital admission.
Measurements
Lung function
Forced spirometry was measured in all participants according to international guidelines [15] . Reference values correspond to a Mediterranean population [16] .
Lung mRNA expression Total RNA was extracted from RNA later preserved tissue using a Purelink RNA minikit (Invitrogen, Paisley, UK) and cDNA was synthesised with Transcriptor Reverse Transcriptase (Roche, Mannheim, Germany). The relative quantification of each gene was normalised to the expression levels of glyceraldehyde 3-phosphate dehydrogenase as housekeeping gene using the ΔC t method [17] , as described in the supplementary material.
IL-1β, IL-18 and caspase-1 protein levels in lung and sputum Total lung proteins were obtained as detailed in the supplementary methods. Levels of caspase-1 and IL-18 were measured by ELISA (R&D Systems, Minneapolis, MN, USA and MBL International, Woburn, MA, 
Assessment of inflammasome activation
The presence of active caspase-1 and ASC oligomers were assessed by Western blot using the anti-caspase-1 sc-515 antibody (Santa Cruz Biotechnology, Dallas, TX, USA), which detects the fragments of the active caspase-1 (10 kDa, p10) and the inactive uncleaved caspase-1 precursor (45 kDa, p45), or the anti-ASC antibody AL177 (Adipogen, Liestal, Switzerland), which identifies ASC monomers (22 kDa) and oligomers when using native gels as detailed in the supplementary methods.
Caspase-1 and ASC lung tissue distribution The distribution of total caspase-1 was determined by immunohistochemistry using the anti-caspase-1 antibody AHP963 (AbD Serotec, Kidlington, UK). ASC distribution and ASC speck presence was assessed by immunofluorescence with an anti-ASC antibody (AL177) as detailed in the supplementary methods.
Inflammation markers in ECOPD blood
White blood cell counts were determined by standard automated methodology, whereas ultra-sensitive C reactive protein (CRP) in plasma was quantified by a turbidimetric test (Bayer Diagnostics, Munich, Germany).
Microbiology
Spontaneous sputum samples were cultured for Haemophilus influenzae, Streptococcus pneumoniae, Streptococcus viridans, Pseudomonas aeruginosa and Citrobacter ssp. Respiratory RNA viruses were detected by PCR (CLART® PneumoVir; Genomica, Madrid, Spain). An ECOPD episode was considered of infectious origin when a positive bacterial culture and/or a positive viral PCR were identified [18] . It was considered noninfectious when both were negative.
Statistical analysis
Results are presented as mean±SEM. The Kruskal-Wallis test, followed by post hoc Mann-Whitney contrasts if needed, was used to compare continuous variables between groups (COPD versus smokers versus nonsmokers). Results during ECOPD and recovery were compared using the Wilcoxon matched-pairs test. A p-value<0.05 (two-tailed) was considered statistically significant. Table 1 summarises the main characteristics of the patients included in the study.
Results
NLRP3 expression is increased in stable COPD lungs and correlates with airflow obstruction NLRP3 mRNA levels were significantly higher in the lungs of stable COPD patients versus nonsmokers and smokers with normal spirometry (figure 1a). This increase was independent of the smoking status of the patient (current versus former) (supplementary figure S1) and was related to the severity of airflow limitation present (figure 1b). Furthermore, NLRP3 expression levels in COPD positively correlated with different inflammatory mediators that are both canonical and noncanonical to the NLRP3 inflammasome, including IL-1β and IL-18 (figure 1c and d), and IL-1α, IL-8, neutrophil elastase, CCL20 and IL-2 (supplementary figure S2).
IL-1β, but not IL-18, expression correlates with airflow limitation in stable COPD IL-1β transcripts tended to increase in smokers and, even further, in stable COPD patients versus nonsmokers, (figure 2a), but differences just failed to reach statistical significance (Kruskal-Wallis test, p=0.06). There were no differences in IL-18 transcripts between groups, confirming previous reports of a noninducible expression of IL-18. IL-1β, but not IL-18, lung transcripts were related to the severity of airflow limitation in COPD patients (figure 2b and data not shown).
Although both IL-1β and IL-18 protein levels in lung tissue were increased in COPD versus control nonsmokers, these differences failed to reach statistical significance (figure 2c). Interestingly, these cytokines were significantly higher in smokers when compared with healthy individuals (figure 2c). No significant differences were observed between COPD patients according to their smoking habits (current versus former smokers) (supplementary figure S1) . Similarly, no differences between patients treated with or without inhaled corticosteroids (data not shown).
Stable COPD is not associated with inflammasome or caspase-1 activation in lung tissue Lung mRNA and protein levels for caspase-1 measured by quantitative PCR and ELISA, respectively, were similar between nonsmokers, smokers and COPD (figure 3a). Furthermore, Western blot analysis of caspase-1 revealed that it was mainly in the inactive pro-form ( p45) (figure 3b). The band corresponding to the small active subunit of caspase-1 ( p10) was only detected in 29% of the COPD patients, 20% of nonsmokers and 27% of smokers (figure 3b). Finally, in stable COPD patients, caspase-1 expression was detected by immunohistochemistry in lung epithelial cells and inflammatory cells (mostly macrophages and lymphocytes) (figure 3d and f ). However, a similar expression pattern for caspase-1 was observed in the lungs of control nonsmokers when compared with stable COPD patients (figure 3c-f). Similarly, ASC appeared mainly in the monomeric state in COPD patients and in nonsmokers (figure 3g); weak oligomers for ASC were also detected in both COPD patients and controls (figure 3g). ASC oligomeric species were reversed when samples were treated with a reducing agent prior to resolving by SDS-PAGE (figure 3g). Finally, the pattern of ASC staining in lung tissue (figure 3h-j) resembles that described for caspase-1 and was similar in all groups of patients examined. ASC specks (oligomers) were detected by immunofluorescence in some macrophages (figure 3h-j), but similar to caspase-1, the majority of ASC immunostaining was mainly detected as uniform staining through the cell cytosol, probably corresponding to the inactive monomeric form of ASC (figure 3h-j).
Infectious ECOPD episodes are associated with inflammasome activation During ECOPD we observed leukocytosis, neutrophilia, lymphopenia and elevated C-reactive protein values (table 2). In the entire population of COPD patients studied, the concentrations of released caspase-1, IL-1β and IL-18 in sputum were similar during the ECOPD episode and at recovery (figure 4a).
Next, patients were stratified according to the nature of exacerbation. An ECOPD episode was considered infectious when a positive bacterial culture and/or a positive viral PCR were identified [18, 19] . In infectious ECOPD, 53% of the cases were of viral origin, 41% were bacterial and only 6% had both causes. The ECOPD was considered noninfectious when both viral PCR and bacterial culture were negative. We observed that the sputum concentrations of caspase-1, IL-1β and IL-18 were significantly higher when infection was present (figure 4b).
During ECOPD we detected oligomeric ASC in sputum, a hallmark of inflammasome activation (figure 4c), indicating that extracellular oligomers of ASC are present during ECOPD. As a methodological control, we show that these ASC oligomers disappeared when samples were reduced prior to analysis (figure 4c). The data support recent reports describing an extracellular function of inflammasome particles [20, 21] . 
Discussion
This study shows that: 1) NLRP3 and IL-1β mRNA are upregulated in lung tissue of stable COPD, but both caspase-1 and ASC are found mostly in inactive form, suggesting that that the NLRP3 inflammasome is primed, but not activated, in stable COPD, and 2) during infectious ECOPD, caspase-1, oligomeric ASC and associated cytokines (IL-1β, IL-18) are upregulated in sputum, indicating that inflammasome activation occurs under these circumstances.
Previous studies
Over the last few years, knowledge about the inflammasome function in different inflammatory conditions has increased exponentially, mostly as a result of knockout mice and in vitro cell assays [20, 22, 23] . For instance, the pulmonary inflammatory response is blunted in NLRP3 knockout mice [4, 5, 9] . In patients with COPD, the evidence for inflammasome activation is scarce and contradictory. While some studies reported increased levels of IL-1β [11, 12] , others failed to find NLRP3, or increase in IL-1β and IL-18 protein in stable COPD patients [13] . Most of them were, however, of limited size and, contrary to our study, did not assess whether the inflammasome is a primer or active.
Interpretation of findings
The inflammasomes form a family of multimeric intracellular protein complexes that most often include a NLR as a sensor molecule and, in some cases, the adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and pro-caspase-1 [24, 25] . The best-characterised inflammasome is that formed by NLRP3, which is activated in response to different pathogens, particles and danger signals [24, 25] . Full activation of the NLRP3 inflammasome requires two sequential biological steps. The first ( priming step) increases pro-IL-1β and NLRP3 transcription, and the second (activation step) induces inflammasome assembly, activation of caspase-1 and processing, and release of the pro-inflammatory cytokines IL-1β and IL-18 [24, 25] . Priming is related to the presence of inflammation, whereas activation occurs only after exposure to specific danger signals [24, 25] . The activation involves the oligomerization of NLRP3 with ASC, in a large fibre-like complex called "speck", which can be detected by immunofluorescence or by ASC cross-linking in Western blots [26] [27] [28] . NLRP3 and IL-1β mRNA levels are generally considered markers of inflammasome priming, whereas NLRP3 and ASC oligomerization and presence of active caspase-1 are readouts of inflammasome activation [20, 21, [29] [30] [31] .
In line with previous studies reporting an association of IL-1β with COPD [4, 5, 8] , we found increased NLRP3 transcripts in the lungs of stable COPD patients. In addition, we also found that NLRP3 mRNA expression correlated positively with the severity of airflow limitation, and with mRNA expression for IL-1α, IL-18, IL-1β, IL-8 and neutrophil elastase. However, we could not observe any direct indicator of inflammasome formation and activation during stable COPD. These results are in keeping with those reported by DI STEFANO et al. [13] , but in contrast to those by ELTOM et al. [32] , who reported increased caspase-1 activity in lung tissue of patients with emphysema. Although we observed increased protein levels of IL-1β and IL-18 in current smokers with normal spirometry, current smoking did not influence the levels of these proteins in patients with COPD. Accordingly, these findings suggest that the production of IL-1β and IL-18 is driven by a different mechanism in each situation. However, we also found, for the first time to our knowledge, that the inflammasome becomes activated in human lungs during infectious ECOPD. This was evidenced by the increased sputum concentrations of caspase-1, IL-1β and IL-18 observed in infectious ECOPD (as compared with noninfectious exacerbations).
The fact that we found these cytokines in sputum supernatant indicates that these proteins have actually been released from the cells, suggesting that they correspond to their active forms [30, 31] . In keeping with this interpretation is the fact that we also detected oligomers of ASC in sputum during infectious ECOPD, supporting recent studies indicating that ASC oligomeric particles are released from activated macrophages and contribute to perpetuate inflammation [20, 21] . The fact that cell-free ASC oligomeric particles have been observed in the bronchoalveolar lavage of a small series of COPD patients further supports these observations [21] . Finally, our results are also in agreement with those reported by BAFADHEL et al. [19] , which showed different patterns of inflammatory response during ECOPD and reported that the biomarker that best identified ECOPD of bacterial origin was sputum IL-1β concentration. Whether or not this inflammasome response in infectious ECOPD can be protective or detrimental to the host requires further research. The results of our study show that the inflammasome is involved in the inflammatory burst of infectious ECOPD. It is plausible that controlling the primed status of the inflammasome in stable COPD might result in a decrease in the inflammasome-induced inflammation observed in infectious ECOPD.
Strengths and limitations
This is the largest study investigating the participation of the NLRP3 in lung tissue samples of COPD patients (and appropriate controls) and the first to assess its potential involvement during episodes of ECOPD. It has, however, some limitations. Due to clinical constrains, we were unable to obtain all measurements in all patients and lung tissue samples were not accessible during ECOPD. ECOPD blood and sputum samples were collected during the first 72 h of hospitalisation, but we did not have information at discharge and during recovery. 98% of ECOPD patients were on inhaled corticosteroids previously, so that differences between infectious noninfectious groups could not be attributed to different treatments. Finally our definition of infectious ECOPD (bacterial culture and/or viral PCR), although previously used in similar studies [19] , may potentially lead to over/underdiagnosis.
Conclusions
Our results indicate that NLRP3 is primed in the lungs of patients with clinically stable COPD and that infectious ECOPD constitutes a robust second signal that triggers inflammasome activation.
